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LignocellulaseThe symbiotic protists in the hindgut of lower termites are critical for lignocellulose decomposition. Due to
the unculturability of these protists, information on lignocellulases and their abundance within the gut is
unavailable. The advent of high-throughput sequencing technologies enables an investigation of the gene
expression proﬁle in this community without culturing these organisms. Here, we carried out 454
pyrosequencing to proﬁle the metatranscriptome of the protistan community in Coptotermes formosanus. In
total, 223,477 reads were obtained by sequencing the enriched protistan mRNA. Phagocytosis and
cytoskeletal homeostasis pathways were highly represented in the metatranscriptome. Among the
metabolic pathways, starch and sucrose metabolism were dominant. A detailed analysis combining Pfam
and KEGG annotation identiﬁed 118 glycosyl hydrolases belonging to 18 different glycosyl hydrolase
families (GHFs). Subsequently, a novel GHF10 endo-1,4-beta-xylanase was functionally characterized to
complement our understanding of the protistan hemicellulases.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Termites, terrestrial insects that inhabit temperate to tropical
areas, feed on woody materials or humus and serve as decomposers
in many ecosystems [1,2]. They play an important role in the global
carbon cycle, considering their widespread distribution and ecological
niche. Termites are considered an efﬁcient bioreactor that can decom-
pose lignocellulose, which is the principal component of plant
biomass. They can dissimilate 74–99% of the cellulose and 65–87% of
the hemicellulose ingested and use it as a primary energy source [3].
Some species consume >90% of the dry wood in tropical areas [4],
and recent studies indicate that termite hosts and their symbionts
together confer the ability to ﬂourish on recalcitrant plant biomass
[5,6].
Termites are divided into lower and higher termites based on
whether they harbor ﬂagellated protists in the gut; 103–105 protist
cells reside in the gut of lower termites, which can occupy 90% of
the paunch volume [7,8]. Yamin identiﬁed 434 species of protists
from the intestines of 205 different lower termites and groupedevelopmental and Evolutionary
nghai Institutes for Biological
2, People's Republic of China.
rights reserved.them into three orders: Trichomonadida, Hypermastigida, and
Oxymonadida. These protists are found exclusively in termites and
wood-feeding cockroaches [9]. In addition to these eukaryotic
symbiota, numerous prokaryotic microbes (bacteria and archae) are
found in the gut microenvironment. Microbes either attach to the
surface or live within the protist cell, developing an intimate relation-
ship with the protist [10,11].
Unlike higher termites that feed on soil or cultivate a fungus
garden, most of the lower termites feed on dry wood or grasses
[2,12]. To meet their nutrient requirements from woody materials
without pretreatment from other environmental organisms, lower
termites have evolved a sophisticated lignocellulolytic system.
Lower termites possess two lignocellulolytic systems with diverse
origins (endogenous and symbiotic). Termites secrete their own
cellulases into the foregut and midgut, whereas symbiotic fauna
provide exogenous cellulases in the hindgut [5,6]. Enzymes are
distributed across the entire digestive tract of lower termites, and a
large portion of cellulolytic activity is retained in the hindgut where
the cellulase enzymes are thought to have originated from symbionts
[5,13]. Examination of various termite species suggests that hindgut
protists play an important role in lignocellulose digestion [14]. The
presence of wood particles in protist cells has been veriﬁed by both
chemical coloration and microscopic observations [15,16]. Cleveland
ﬁrst demonstrated that the presence of protists was vital for termites
to live on a lignocellulose diet [15]. Recently, results from two
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these organisms are actively involved in nitrogen ﬁxation and
amino acid synthesis [17,18], excluding their contribution on ligno-
cellulose decomposition. These ﬁndings support the idea that protists
are indispensable decomposers of lignocellulose in the gut of lower
termites.
Although protists exist in large numbers, most of them are uncul-
tivable due to the difﬁculty of replicating the extreme conditions of
the gut microenvironment. Despite a few pure cultures having been
established, none are available at present [19,20]. To bypass the
unculturability of the protists, which hampers our understanding of
this symbiotic system, culture-independent approaches were intro-
duced to elucidate the lignocellulolytic process in the protistan
community. Coptotermes formosanus is a typical wood-feeding lower
termite harboring a large number of protists in the gut. Three species
of parabasalian protists are gut residents. Based on morphological
characteristics and phylogenetic markers, they have been identiﬁed
as Pseudotrichonympha grassii, Holomastigotoides mirabile, and
Spirotrichonympha leidyi [21,22]. The spatial distribution of the three
protist species in different portions of the hindgut and changes in
community structure after feeding termites with diverse carbohy-
drate diets supports the hypothesis that these three species form a
disassembly line for lignocellulose decomposition [7,23]. Several
cellulase and hemicellulase genes in the glycosyl hydrolase families
(GHFs) 5,7, and 11 have been cloned from C. formosanus protists
[24–27]. However, independent gene discovery is inadequate to
clarify the lignocellulolytic process in the protist community, which
is a concerted result of diverse enzymes. The functional genes
expressed can be analyzed using a metatranscriptomic analysis
without knowing the genomic information. This is particularly impor-
tant when studying non-model organisms. Two studies, indepen-
dently conducted on the lower termites Reticulitermes speratus and
Reticulitermes ﬂavipes, found an abundance of glycosyl hydrolases
expressed in the protistan community through sequencing of cDNA
clones [28,29].
In this study, we took ametatranscriptomic approach to proﬁle the
functional genes expressed in the C. formosanus protist community
with emphasis on those involved in lignocellulose decomposition.
This approach involved sequencing the enriched mRNAs using high-
throughput 454 pyrosequencing without normalizing the mRNA.
Thismethod enabled us to bypass the unculturability and lack of geno-
mic information on these organisms. In total, 223,477 reads were
obtained after pyrosequencing. Following de novo assembly and
annotation, the results revealed a diversity of glycosyl hydrolases in
the protistan community. We heterologously expressed and charac-
terized a GHF10 xylanase to exploit novel enzymes with potential
industrial utilization. This comprehensive metatranscriptomic analy-
sis revealed not only an entire set of genes associated with the ligno-
cellulolytic process but also their relative expression levels. Thus, we
demonstrated that a metatranscriptomic analysis is an important
tool for discovering new enzymes from a functional gene resource
such as termite gut microbita.
2. Materials and methods
2.1. Termite collection and dissection
The termites used in this study were collected from a nest in a
suburb of Shanghai, P. R. China, and maintained in the laboratory at
25±1 °C and 65±1% relative humidity on a wood diet. Specimens
were identiﬁed as C. formosanus based on morphological characteris-
tics of the soldiers and further conﬁrmed by the COII mitochondrial
gene according to the method described by Ohkuma [30]. Only
healthy workers were used.
The termites were rinsed in 75% ethanol and double-distilled
water sequentially for 1 min to remove surface contaminants. Anincision was made in the last abdominal segment of a worker, and
the digestive tract was pulled out gently using ﬁne-tipped forceps.
Every 100 guts were suspended in 500 μl solution U [2.164 g NaCl,
0.773 g NaHCO3, 1.509 g Na3C6H5O7.2H2O, 1.784 g KH2PO4, 0.083 g
CaCl2, 0.048 g MgSO4, dissolved in 1 L of distilled water, and sterilized
by ﬁltration [31]]. After slight homogenization to release the gut
contents, the homogenates were ﬁltered through 100-μm nylon
mesh to remove gut debris, and protist species were identiﬁed
under light microscopy. Protists in the ﬂow-through were enriched
by centrifugation (4 °C, 300×g, 3 min). The precipitate was further
washed twice with 1 ml of solution U and collected as described
earlier. Each tube of protistswas suspended in 300 μl TRIzol (Invitrogen,
Carlsbad, CA, USA) and preserved in liquid nitrogen until RNA
extraction.
2.2. Total RNA extraction and mRNA enrichment
Total RNA from approximately 5000 termite workers was
extracted using TRIzol reagent according to the manufacturer's
instructions. In total, 556.4 μg of total RNA was obtained. The mRNA
fraction generally comprises 1–5% of the total RNA in eukaryotic
species. An mRNA enrichment procedure was included to reduce
the rRNA redundancy of the protistan community to obtain more
biological function-related information. mRNA was enriched using
an oligo-dT method with a MicroPoly(A) Purist™ kit (Ambion, Austin,
TX, USA). This procedure generated 28 μg of enriched mRNA. An
aliquot of the mRNA was used for 454 sequencing. Double-stranded
cDNA was synthesized with random hexamer primers after the
mRNA was fragmented into ~300 base pairs. The resulting sample
was subjected to 454 pyrosequencing.
2.3. Sequence assembly and annotation
After cleaning the low-quality sequences, 223,477 reads were
generated through 454 sequencing. The unassembled raw data were
searched for small subunit (SSU) rRNA genes and functionally
assigned based on the KEGG database. For rRNA sequence identiﬁca-
tion, a similarity search was performed against the SILVA SSU refer-
ence database by BLASTN at a threshold of aligned nucleic acid
length ≥150 bp, identity ≥80, and an e-value ≤10–5 to investigate
the taxonomic composition of the sequences. Functional annotation
was performed by aligning the sequences with the KEGG database
using BLASTX with a cutoff criterion of an e-value ≤10–5. An assem-
bly procedure was conducted using de novo assembly by Newbler
2.5.3 (Roche Nimblegen, Houston, TX, USA) to obtain longer
protein-coding sequences. The 2891 contigs obtained were searched
for protein domain families against the Pfam database using
hmmsearch developed from the hidden Markov model. Hits with
e-value ≤10–5 were further studied. Transcripts associated
with carbohydrate metabolism were classiﬁed according to the
CAZy nomenclature (http://www.cazy.org/), and their putative
enzyme activities were predicted based on the KEGG annotation
results. The raw sequencing reads generated were deposited in
Short Read Archive at NCBI under the accession number
SRA048013.1.
2.4. Construction of a protistan cDNA Library
Enriched mRNA (5 μg) generated from the aforementioned proce-
durewas used to construct a cDNA library. Double-stranded cDNAwas
synthesized using the ZAP Express cDNA Synthesis Kit (Stratagene, La
Jolla, CA, USA). After size fractionation, cDNA no less than 1 kbp was
collected. Then, the cDNA was ligated to the ZAP Express vector at
12 °C for 12 h. Packaging of the ligated products to a phage cDNA
library was performed using the ZAP Express cDNA Gigapack III Gold
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1.0×106 pfu/ml with a capacity of 1 ml.
2.5. Amplifying the xyl726 5′- and 3′-sequences
PCR primers were designed based on the annotated sequence
obtained earlier. The complete open reading frame (ORF) was deter-
mined by amplifying the 5′- and 3′-ﬂanking regions of the target
gene from the cDNA library. Primer sets pBKf 5′-AATTGGGTACACT-
TACCTGG-3′ and xyl726-5 5′-CTGCTTGTTGTTGAGTATTGCCTG-3′
were used to amplify the 5′-end fragment, and pBKr 5′-AGCTCGAAAT-
TAACCCTCAC-3′ and xyl726-3 5′-CAACACAGTATCAGCATCAACAGC-3′
were used to amplify the 3′-end fragment. The pBKf and pBKr
sequences corresponded to the regions ﬂanking the pBK-CMV multi-
ple cloning site. PCR ampliﬁcation was conducted with a Tm of 55 °C
for 30 cycles. Products were subjected to direct sequencing using the
pBKf and pBKr primers. The sequence of xyl726 was deposited in
GenBank under the accession number JN836551.
2.6. Heterologous expression xyl726 in Pichia pastoris
The recombinant plasmid pPICZaC-xyl726 was constructed as
follows. The putative xylanase gene xyl726 was ampliﬁed from the
cDNA library using the primer set xyl726f 5′-AAACTCGAGAAGAGA-
GAGGCTGAAGCAAAGAGCAAGTTTCTTGGAAAC-3′ and xyl726r 5′-
AATCTAGAAAATTAGAAGACATGTATTGCTTGAG-3′ with an XhoI and
an XbaI restriction endonuclease recognition site at the 5′ end,
respectively. The xyl726 ampliﬁcation procedure included 30 PCR
cycles with a Tm of 55 °C. The amplicon and the expression vector
pPICZaC, which contained the α-factor signal peptide at the N-
terminal of the expressed protein, were double-digested with XbaI
and XhoI (New England Biolabs, Ipswich, MA, USA). The vector and
the insert were ligated using T4 DNA ligase (New England Biolabs)
at 16 °C for 12 h. The recombinant vectors were transformed into
TOP10 cells, and several clones were picked to conﬁrm successful
construction of the expression vector. Plasmid pPICZaC–xyl726
(10 μg) was prepared and linearized with Sac Ι (New England
Biolabs). Pichia pastoris competent cells (80 μl) of strain KM71H
were electroporated using a micropulser electroporator apparatus
(Bio-Rad, Hercules, CA, USA). One milliliter of chilled 1 M sorbitol
was added immediately to the cuvette, and the cuvette content was
spread to grow on YPDS plates (1% yeast extract, w/v; 2% peptone,
w/v; 2% glucose, w/v; 1 M sorbitol; 2% agar, w/v) containing 100 μg/
ml zeocin (Invitrogen). Plates were incubated at 30 °C for 4 days.
Independent clones that formed on the YPDS plates were picked
and tested to conﬁrm integration of xyl726 into the genome by PCR
ampliﬁcation.
One positive clone was inoculated into 1 l of BMGY medium (1%
yeast extract, w/v; 2% peptone, w/v; 100 mM Ka3PO4 (pH 6.0);
1.34% YNB, w/v; 4×10–5% biotin, w/v; 1% glycerol, w/v) and incubated
at 30 °C with shaking. When the culture reached an optical density of
4.0, the cells were harvested by centrifuging at 3000×g for 5 min, and
then the cell pellet was resuspended in 150 ml of BMMYmedium (1%
yeast extract, w/v; 2% peptone, w/v; 100 mM Ka3PO4 (pH 6.0); 1.34%
YNB, w/v; 4×10–5% biotin, w/v; 0.5% methanol, v/v) to express the
heterogeneous protein. The induction process lasted 6 days with the
addition of 0.75 ml 100% methanol to the medium (0.5% v/v ﬁnal
concentration) every 24 h. The supernatant was collected and the
recombinant xyl726, with a 6× His-tag appended to its C-terminal,
was puriﬁed using a Ni-NTA column (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. The elution fractions
containing the target protein were pooled and concentrated by ultra-
ﬁltration using Vivaspin 6 (GE Healthcare, Munich, Germany). Xyl726
purity was determined by SDS-PAGE. The protein concentration of the
puriﬁed sample was determined using a DC Protein Assay Kit (Bio-
Rad).2.7. Enzyme assays
Xylanase activity was determined by measuring the amount of
reducing sugars liberated from birchwood xylan after the enzymatic
reaction. Speciﬁc activity (U/mg) was deﬁned as micromoles of
reducing sugar produced per minute per milligram of protein. The
optimum pH of xyl726 was determined in buffers with pH values
ranging from 3.5 to 9. Buffers were prepared at 100 mM as follows:
sodium acetate (pH 3.5–5.5), sodium phosphate (pH 6.0–8.0), and
3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (pH 8.5 and
9.0). Birchwood was added to each buffer at a ﬁnal concentration of
1% w/v, and the solution was boiled until xylan particles were no
longer present. The standard reaction mixture was assembled by
adding 0.2 μg puriﬁed enzyme to the corresponding buffer in a ﬁnal
volume of 100 μl. The standard enzymatic reaction was conducted
in triplicate by incubating the mixture at 50 °C for 10 min in sodium
phosphate buffer (pH 6.0). 3,5-Dinitrosalicylic acid (100 μl) was
added immediately to the reaction mixture and boiled for 5 min to
terminate the reaction. Then, the mixture was placed on ice for
10 min to allow for color formation. The absorbance was read at
540 nm using a microplate spectrophotometer (Multiskan Spectrum;
Thermo Scientiﬁc, Helsinki, Finland). pH stability was tested by
incubating the enzyme with different buffers at 4 °C for 24 h before
residual activity was determined under standard conditions.
Optimum temperature was determined by measuring enzyme activi-
ty within 20–70 °C with a 5 °C interval. Thermostability was tested by
determining the remaining activity after incubating xyl726 for 5, 10,
15, 20, 25, and 30 min at 40, 45, 50, and 55 °C, respectively. For the
kinetic analysis, Vmax and Km were determined using a Lineweaver–
Burk plot under optimal conditions with birchwood xylan as the
substrate at concentrations of 0–15 mg/ml.
3. Results
3.1. Metatranscriptome sequencing overview
In total, 223,477 high-quality reads with an average length of
359 bp were obtained by 454 pyrosequencing. Following de novo
assembly, these reads were assembled into 2891 contigs of 769 bp
average length, leaving 72,231 singletons unassembled (Supplementary
Table 1). The high portion of transcripts (32.3%) that were not assem-
bled indicated a diversity of low-abundance genes expressed in the
microbial community of the termite gut.
3.2. Taxonomic origin of transcripts
A complex symbiotic relationship was observed among the
termites, protists, and bacteria. Ecto- and endosymbiotic bacteria
were closely associated with protist cells. An SSU rRNA-based
taxonomic analysis was conducted to assess the contamination intro-
duced into the sample after the protist enrichment procedure. Raw
data were used directly in the similarity search against the SSU
rRNA reference database from SILVA to avoid bias caused by assem-
bly. A total of 9.9% of the raw reads had signiﬁcant hits in the database
with an e-value ≤10–5. A large portion of the annotated SSU rRNAs
was afﬁliated with parabasalian protists, although a minority of
microbial and insect sequences was present. Among the parabasalian
reads, those from three species of protists (P. grassii, H. mirabile, and S.
leidyi) in the C. formosanus gut were dominant with b0.1% of the reads
afﬁliatedwith other protistan organisms (Fig. 1A). This was consistent
with the results of light microscopy observations (Figs. 1B, C and D).
3.3. Functional proﬁling of metatranscriptome reads
We found 49,149 reads annotated with 2522 KO identiﬁers in 314
reference pathways, accounting for 22.0% of the total reads. Reads
Fig. 1. Protistan community composition in the gut of Coptotermes formosanus. Taxonomic afﬁliation of SSU rRNA in the metatranscriptome (A). The chart shows that 77.9% of the
SSU rRNA was homologous to sequences previously reported from three parabasalian symbionts in the Coptotermes formosanus gut, whereas a fraction of the sequences from
bacteria (12.6%) and insects (5.4%) was also present. The most parabasalian SSU rRNAs were from Pseudotrichonympha grassii (44.4%), Holomastigotoides mirabile (30.1%), and
Spirotrichonympha leidyi (3.4%). Light micrographs of three species of ﬂagellates in the gut of C. formosanus. B. P. grassii, C. H. mirabile, and D. S. leidyi.
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intensively expressed among the 20 most abundant KEGG pathways
(Fig. 2). Notably, the gap junction was ranked as the second mostFig. 2. The 20 most abundant KEGG pathways in the metatranscriptome. The aabundant pathway. Nine pathways related to metabolism were
ranked in the top 20. Among them, starch and sucrose metabolism,
pyruvate metabolism, glycolysis/gluconeogenesis, and the citratebundance of each pathway was estimated according to the assigned reads.
Table 1
Summary of glycosyl hydrolases discovered in the metatranscriptome.
CAZy 
family 
Pfam Accession Known Activity Predicted 
Substrate 
No. 
ESTs 
Putative 
Taxonomic 
Origin 
GH2 PF00703/ 
PF02836 
beta-galactosidase Pectin 3 Bacteria 
GH3 PF00251/ 
PF01915 
beta-glucosidase Cellulose 14 Bacteria 
GH5a PF00150 endo-1,4-beta-D-glucanase, 
cellulose 
1,4-beta-cellobiosidase 
Cellulose 16 Protist 
GH5b PF00150 endo-1,4-beta-D-glucanase, 
cellulose 
1,4-beta-cellobiosidase 
Cellulose 3 Bacteria 
GH7 PF00840 endo-1,4-beta-D-glucanase, 
cellulose 
1,4-beta-cellobiosidase 
Cellulose 42 Protist 
GH8 PF01270 endo-1,4-beta-D-glucanase Cellulose 1 Bacteria 
GH10 PF00331 endo-1,4-beta-xylanase Hemicellulose 1 Protist 
GH11 PF00457 endo-1,4-beta-xylanase Hemicellulose 8 Protist 
GH13 PF00128 alpha-amylase α-carbohydrate 1 Protist 
GH18c Termite1ChitinchitinasePF00704
GH18d PF00704 chitinase Chitin 4 Fungi 
GH20b PF00728/ 
PF02838 
beta-N-acetylhexosaminidase Hemicellulose 1 Bacteria 
GH26b PF02156 endo-1,4-beta-mannosidase Hemicellulose 1 Bacteria 
GH27 PF02065 alpha-galactosidase Hemicellulose 1 Bacteria 
GH35 PF01301 beta-galactosidase Pectin 2 Protist 
GH35c PF01301 beta-galactosidase Pectin 2 Termite 
GH35b PF01301 beta-galactosidase Pectin 1 Bacteria 
GH43 PF04616 alpha-N-arabinofuranosidase Hemicellulose 3 Bacteria 
GH45 PF02015 endo-1,4-beta-D-glucanase Cellulose 2 Protist 
GH53 PF07745 endo-1,4-beta-galactosidase Hemicellulose 7 Bacteria 
GH57 PF03065 alpha-amylase α-carbohydrate 1 Bacteria 
GH67 PF07477/ 
PF07488/ 
PF03648 
alpha-glucuronidase Hemicellulose 3 Bacteria 
GHFs of different taxonomic origins (shaded rows) were sufﬁxed with a(protist),
b(bacteria), c(termite) and d(fungi).
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reads participated in cytoskeletal homeostasis, which was a collective
result of actin and its regulatory genes.Fig. 3. Comparison of glycosyl hydrolase diversity and expression level among different GH
the right y-axis denotes the expression level of each GHF as estimated according to the read
scale.3.4. Identiﬁcation of glycoside hydrolases and associated proteins
The lignocellulolytic process is a fundamental biological function
that provides protists and hosts with a critical energy source for
survival. To elucidate this process in C. formosanus, Pfam annotation
was conducted to identify genes associated with lignocellulose
depolymerization and modiﬁcation. Gene expression levels were
estimated based on the corresponding reads that were assembled
into individual ESTs; speciﬁc functions were further analyzed using
a KEGG similarity search. Taxonomic origin was predicted based on
the best hit of the BLASTX result.
The complete depolymerization of lignocellulose requires various
enzymes with different catalytic properties. Pfam annotation indicated
that this symbiotic system had extensive expression of lignocellulose
degradation enzymes, accounting for 4.6% of the raw reads. In total,
155 unique ESTs were identiﬁed as putative glycoside hydrolases or
associated proteins in the hindgut symbiota, including 118 glycosyl
hydrolases, six glycosyl transferases, ﬁve carbohydrate esterases, four
polysaccharide lyases, 10 carbohydrate-binding modules, and 12 other
carbohydrate active proteins (Supplementary Table 2). The predomi-
nant glycosyl hydrolases belonging to 18 different GHFs could be
categorized into ﬁve groups based on their substrates: cellulases
(GHF3, 5, 7, 8, and 45), hemicellulases (GHF10, 11, 20, 26, 27, 43, 53,
and 67), pectinases (GHF2 and 35), chitinases (GHF18), and
α-carbohydrolases (GHF13 and 57) (Table 1). A comparison of the
diversity and expression levels of each GHF revealed an uneven distri-
bution pattern. In our dataset, GHF7 was the most abundant glycoside
hydrolase family based on both EST diversity and expression level,
accounting for 35.6% of the GHF ESTs and 58.7% of the total GHF reads.
ESTs of GHF3, 5, 11, and 53 were also highly represented. Note that
although only one EST belonged to GHF10, its expression level was
particularly high (Fig. 3).
Hydrolysis of cellulose into glucose requires three different
enzymes, namely endo-1,4-beta-D-glucanase, cellulose 1,4-beta-
cellobiosidase, and beta-glucosidase. Numerous cellulases were
identiﬁed consisting of GHF3 beta-glucosidase; GHF5 and GHF7
endo-1,4-beta-D-glucanase or cellulose 1,4-beta-cellobiosidase;
and GHF8 and GHF45 endo-1,4-beta-D-glucanase. The taxonomic
binning result suggested that the GHF7 and 45 enzymes originated
from protists, whereas those of GHF3 and GHF8were fromprokaryotes.Fs. The left y-axis shows the number of unique glycosyl hydrolases from each GHF, and
s assembled in each glycosyl hydrolase EST. Note that the right y-axis has a logarithmic
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genes had a prokaryotic origin. Fourteen beta-glucosidases observed
in the metatranscriptome were assumed to be from prokaryotes,
while none had a eukaryotic origin.
Because hemicellulose is composed of heterogeneous glycosyl
groups, the corresponding decomposition enzymes belong to more
diverse GHFs. In our dataset, this functional category was composed
of xylanases, mannosidases, galactosidases, arabinofuranosidases,
glucuronidases, acetylhexosaminidases, and acetyl xylan esterase.
Nine endo-1,4-beta-xylanases belonging to GHF10 and 11 were
assumed to have originated from protists. These enzymes hydrolyze
the xylan backbone, which is the principal component of hemicellulose.
Other potential xylan debranching enzymes of GHF20, 26, 27, 43, 53,
and 67 were believed to have been derived from bacteria.
Additionally, a broad array of glycosyl hydrolase-associated
proteins was present in the metatranscriptome, including ﬁve families
of carbohydrate-binding modules, two families of glycosyl transferases,
two families of carbohydrate esterases, one family of polysaccharide
lyases, and several miscellaneous carbohydrolases (Table 2). Ten ESTs
with CBM modules were found distributed among CBM6, 13, 14, 20,
and 32, with predicted functions of mannosidase, glucosylceramidase,
galactosidase, chitinase, and glucanotransferase, respectively. Ten
proteinswere predicted to have activity againstmiscellaneous carbohy-
drates. Among them were three prokaryotic xylose isomerases and
seven sugar transporters with different taxonomic origins. Six protistan
glycosyl transferases from glycosyl transferase family (GTF) 5 and 35
were identiﬁed. None of the genes with a putative function of lignin
degradation or modiﬁcation such as laccases and peroxidases were
found in the hindgut metatranscriptome.3.5. Xyl726 sequence analysis
Candidate glycosyl hydrolases were searched within the identiﬁed
ESTs, considering both the expression level and similarity withTable 2
Summary of glycosyl hydrolases-associated modules discovered in the metatranscriptome.
CAZy 
family 
Pfam Accession Known Activity  Predicted 
Substrate 
No. 
ESTs 
Putative 
Taxonomic 
Origin 
CBM6 PF03422 endo-1,4-beta-mannosidase Hemicellulose 1 Bacteria 
CBM13a PF00652 glucosylceramidase Hemicellulose 1 Protist 
CBM13b PF00652 endo-1,4-beta-galactosidase Hemicellulose 2 Bacteria 
CBM14 Termite1ChitinchitinasePF01607
CBM20a PF00686 4-alpha-glucanotransferase Starch 2 Protist 
CBM20b PF00686 4-alpha-glucanotransferase Starch 1 Bacteria 
CBM32 PF00754 galactose-and lactose-binding 
domain 
ND 2 Bacteria 
Misc. PF00083 Sugar (and other) transporter- 
lectin like 
ND 5 Protist 
Misc. PF00083 Sugar (and other) transporter- 
lectin like 
ND 1 Termite 
Misc. PF00083 Sugar (and other) transporter- 
lectin like 
ND 1 Bacteria 
Misc. PF01261 xylose isomerase Pentose, 
glucuronate, 
fructose, 
3 Bacteria 
mannose 
PL1 Bacteria4Pectinpectate lyasePF00544
CE4 PF01522 chitin deacetylase Chitin 2 Termite 
GT5 PF08323 starch synthase Starch 1 Protist 
GT35 Protist5NDphosphorylasePF00343
GDE_C PF06202 amylo-alpha-1,6-glucosidase ND 1 Protist 
N/A PF00059 Lectin carbohydrate-recognition
domain C-type 
ND 1 Termite 
N/A PF05448 Acetyl xyla nesterase Hemicellulose 3 Fungi 
GHFs of different taxonomic origins (shaded rows) were sufﬁxed with a(protist) and
b(bacteria).known enzymes, to exploit novel enzymes with potential industrial
use. Contig00726, denoted as xyl726 with putative endo-1,4-beta-
xylanase activity, was of particular interest for the obviously high
expression level, suggesting a substantial function. The full-length
ORF sequence of xyl726 was conﬁrmed by analyzing sequences
obtained from the cDNA library. The sequence had a complete
protein-coding region with a translation start codon at the 5′ end
and a poly-A tail at the 3′ end. A similarity search against the NCBI
nonredundant protein database indicated that xyl726 shared a
70.8% identity with endo-1,4-beta-xylanase from the uncultured
symbiotic protists of the wood-feeding cockroach Cryptocercus
punctulatus.
Multiple sequence alignment of xyl726 with acidophilic endo-1,4-
beta-xylanase STX and alkaliphilic BSX, BFX, and BHX was conducted
using ClustalW. Xyl726 possessed two conserved catalytic sites, Glu
(200) and Glu (313), within GHF10 xylanases. A predicted signal
peptide of 16 amino acids was at the N-terminal of the protein with
a cleavage site between Ala (16) and Thr (17) (Fig. 4).
3.6. Xyl726 phylogenetic analysis
A phylogenetic tree was constructed to investigate the possible
taxonomic origin of xyl726. Sequences of known organism sources
were aligned with xyl726 using ClustalW. A phylogenetic tree was
constructed using the neighbor-joining method in MEGA 4.0 followed
by 100 replicates of bootstrap resampling. The GHF10 xylanases
clustered into four subgroups (protists, plants, fungi, and bacteria)
with high support values (Fig. 5). Xyl726 grouped with xylanases,
previously identiﬁed in uncultured protists from lower termites,
suggesting that it is a protistan hemicellulase.
3.7. Heterologous expression and characterization of recombinant xyl726
The coding sequence of xyl726 was cloned into pPICZaC and
expressed in P. pastoris strain KM71H after a 6-day induction. The
expressed protein was secreted into the culture medium, and the
supernatant was collected after centrifugation. The recombinant
protein was successfully puriﬁed after His-tag afﬁnity chromatography.
Themolecularweight of the puriﬁed xyl726was approximately 34 kDa,
as determined by SDS-PAGE, which was in good agreement with the
predicted molecular weight (Fig. 6A).
Enzymatic assays revealed that xyl726 had a speciﬁc activity of
80.3±3.1 U/mg toward birchwood xylan under optimal conditions.
It had an optimum pH of 6.0 and retained 50% of its activity between
pH 4.5 and 7.0 (Figs. 6B and C). The enzyme was sensitive to alkaline
conditions and was drastically deactivated when the pH exceeded 7.0.
Stability assays revealed that the enzyme was stable over a wide pH
range after incubation in the corresponding buffer for 24 h. More
than 50% of its activity was retained when the enzyme was assayed
under optimal conditions. Although the optimum temperature of
xyl726 was 50 °C, the enzyme was rapidly deactivated as the temper-
ature and incubation time increased (Figs. 6D and E). Approximately
50% of its activity was lost after incubating at 45–55 °C for 10 min or
at 40 °C for 15 min. The Vmax and Km determined by the Lineweaver–
Burk plot on birchwood xylan were 107.4 U/mg and 9.2 mg/ml,
respectively.
4. Discussion
High-quality metatranscriptomic data were obtained through
pyrosequencing. Although the average length was 362 bp, which
was half of that generated by the traditional Sanger method, a
massive dataset (80.3 Mbp)was generated. This is particularly important
for studying termite gut samples, which are often composed of multiple
organisms. Approximately 68% of the raw reads were assembled into
Fig. 4.Multiple alignment of the deduced amino acid sequence of XYL726 with other known GH10 endo-β-1,4-xylanases. The black and gray boxes indicate conserved amino acids
among the aligned sequences. Asterisks denote the typical catalytic sites of GHF10 endo-β-1,4-xylanases. Underlining designates the predicted signal peptide, and the inverted
triangle represents the putative cleavage site. The signal peptide and cleavage site were predicted using SignalP hidden Markov models (http://www.cbs.dtu.dk/services/
SignalP/). The accession numbers of the sequences are STX, Streptomyces thermocarboxydus (ACJ64840); BSX, Bacillus sp. NG-27 (AAB70918); BFX, Bacillus ﬁrmus (AAQ83581);
BHX, Bacillus halodurans (AAN03480).
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normalized community cDNAs as the sequencing template.
Bacteria have developed an intimate relationship with protists.
Some either colonize the cell surface of protists (ectosymbiont) or
live a symbiotic life within protist cells (endosymbiont) [10,11].
Because of this, eliminating all prokaryotes without disrupting pro-
tists is impractical. Using SSU RNA as a molecular maker, we analyzed
the taxonomic origin of the transcripts to evaluate the possible
contaminant sequences introduced into our dataset. Approximately
78% of the annotated reads were of protistan origin. The protistan
SSU reads belonged to three species: P. grassii, H. mirabile, and S.
leidyi. Community composition results indicated these three protists
were dominant in the C. formosanus hindgut microbiota, which is in
agreement with previous reports [21,32]. Although most of the gut
debris was retained on the nylon mesh after ﬁltration, a few termite
cells may have co-eluted with the protist portion, as indicated by
the presence of 5.4% insect SSU sequences.
Despite three protist species reported as residents of the C. formo-
sanus hindgut, little information on these organisms is available due
to their unculturability. In our study, a functional annotation was
used to describe the predominant pathways of the protistan commu-
nity in C. formosanus. Although only a small portion of the reads
(22.0%) were functionally assigned after KEGG annotation, several
key pathways were identiﬁed. The low annotation rate may beattributable to the limited genome information for the parabasalian
protist, for the only available genome sequence is from Trichomonas
vaginalis G3, which belongs to the same parabasalia superclassis.
Xylophagous protists take up wood particles by phagocytosis,
which is a cellular process consisting of engulﬁng solid particles and
forming phagosomes. KEGG functional proﬁling revealed that the
phagosome pathway was highly represented, indicating that phago-
cytosis is a critical process in this system. This was consistent with
evidence reported by a previous study [33]. Numerous reads were
afﬁliated with cell communication apparatuses, e.g., gap junctions,
focal adhesions, adheren junctions, and tight junctions. Further
inspection was necessary, as a single-cell protist could not have
those cell connection structures. The results indicated that the anno-
tated cell communication pathways all lacked critical transmenbrane
receptors but were rich in cytoskeletal components (microﬁlaments
and microtubules) and the regulatory network. Speciﬁcally, the
connexin receptor was absent in the gap junction pathway; caveolin
was lacking in the focal adhesion pathway; nectin and cadherin did
not occur in the adherens junction pathway; and claudin, occluding,
and junctional adhesion molecules were absent from the tight junc-
tion pathway. Also, actin cytoskeletal regulation was a highly repre-
sented pathway. Genes that contribute to cell morphology and
motility were supposed to occupy a considerable portion of the tran-
scripts. The actin gene is also highly expressed in protistan systems of
Fig. 5. Phylogenetic tree of GHF10 xylanases. Numbers above the branches denote the bootstrap support value (100 replicates). Each sequence was labeled by its organism name
followed by the accession number. Xylanase from Clostridium stercorarium was used as the outgroup.
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ways, those related to carbohydrate metabolism were in great
numbers. Protists are believed to hydrolyze lignocellulose and
ferment the end product to acetate [3,34]. The related pathways are
starch and sucrose metabolism and the citrate cycle. Pyruvate metab-
olism was the second most abundant metabolic pathway for its
importance in connecting carbohydrate and amino acid metabolism.
The hindgut portion with a dense population of protists has high
cellulase activity in the C. formosanus digestive tract [13,35]. The pro-
tist community is supposed to form a disassembly line that efﬁciently
decomposes lignocellulose [7]. These observations suggest that the
hindgut fauna is a reservoir for functional gene discovery. A diversity
of glycosyl hydrolases and associated enzymes were identiﬁed by
functional annotation. In total, 118 glycosyl hydrolases from 18
GHFs targeting celluloses, hemicelluloses, and pectin were identiﬁed
through the Pfam analysis. Multiplicity existed in the lignocellulases,
as lignocellulose is made of different components (cellulose, hemicel-
lulose, lignin, and pectin). Celluloses are cross-linked and surrounded
by hemicelluloses and lignin to form a tight structure that allows
them to resist enzymatic decomposition [36]. Besides the presenceof cellulases (GHF3, 5, 7, 8, and 45), the existence of hemicellulases
(GHF10, 11, 20, 26, 27, 43, 53, and 67) and pectinase (GHF2 and 35)
could disrupt the compact structure of lignocelluloses and increase
the accessibility of cellulolytic enzymes. The GHF composition in the
protistan cellulolytic system of C. formosanus was different from
that of Nasutitermes but similar to that of Reticulitermes [28,29]. A
metagenomic analysis revealed that GHF5, 51, and 94 glycosyl hydro-
lases are the principal constituents in Nasutitermes [37]. Multiple
families of glycosyl hydrolases are involved in the protistan lignocel-
lulose degradation system. Among the ﬁve GHFs that hydrolyze cellu-
lose, GHF7 constituted a large percentage either in the form of gene
diversity or expression. GHF7 was composed of two kinds of enzymes
with different catalytic properties, namely endo-1,4-beta-D-glucanase
and cellulose 1,4-beta-cellobiosidase. These enzymes catalyze the
initial step of hydrolyzing cellulose by breaking it down into smaller
units. The frequent occurrence of GHF7 genes (58.7% of the total
cellulolytic gene reads) implies their substantial role in cellulose
decomposition. Consistent with previous studies, no genes encoding
deligniﬁcation enzymes were found in gut symbiota [28,29,37]. The
absence of these enzymes in the hindgut rumen may be attributable
Fig. 6. Heterologous expression and enzymatic characterization of recombinant xyl726. A. Lane 1, supernatant of the pichia culture after a 6-day induction; lane 2, puriﬁed xyl726. B.
Effect of pH on xyl726 activity. C. pH stability of xyl726. D. Effect of temperature on xyl726. E. Thermostability of xyl726. Each value in the panel represents the mean±SD (n=3).
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ronment, as oxygen is required for the enzymatic reactions [38,39].
Two independent lignocellulose digesting systems exist in C.
formosanus with termite-derived cellulases in the anterior parts of
the intestine (salivary gland, foregut, and midgut) and those from
symbionts in the hindgut [5]. Except for the protist sequences, the
inevitability of introducing prokaryotic and termite sequences
allowed us to glimpse at other cellulolytic systems. Taxonomic afﬁli-
ation of putative glycosyl hydrolases revealed that cellulose and
hemicellulose hydrolysis were accomplished by enzymes from
protists and bacteria, whereas pectin degradation was achieved by
protists, bacteria, and termites. No termite cellulases were observed
in our data, probably because the hindgut does not express these
endogenous enzymes [5]. Prokaryotes polyadenylate their genes, so
the captured sequences were thought to represent only some of the
prokaryotic transcripts [40]. Although the contributions of termites
and prokaryotes were underestimated, the result still implies ligno-
cellulases of tripartite origin (protists, bacteria, and termites) existing
in the hindgut. Celluloses are mainly decomposed by protists, and the
contribution of bacteria to degrading other lignocellulose compo-
nents has been neglected for a long time. Future studies emphasizing
the prokaryotic cellulolytic system in C. formosanus will certainly add
valuable information to our understanding of this three-way
collaboration.
Compared to cellulases, hemicellulases from protists are poorly
studied. The high representation of a GHF10 endo-1,4-beta-xylanase
xyl726 attracted our attention. To characterize the function of this
enzyme, the complete ORF was cloned from the cDNA library and
heterogeneously expressed in P. pastoris. Similar to other protistan
lignocellulases, xyl726 lacked the CBMmodule. Enzyme characteriza-
tion indicated that xyl726 possessed a speciﬁc activity of 80.3±3.1 U/
mg toward birchwood xylan with an optimum pH of 6.0. The enzyme
was stable over a broad range of pH values. The optimum tempera-
ture was 50 °C, whereas the enzyme was drastically inactivated as
incubation time was extended. This is the ﬁrst time that a GHF10xylanase was obtained from C. formosanus supplementing the
GHF11 xylanase, which was previously identiﬁed in the same species
[27]. No other GHF xylanases were identiﬁed in the metatranscrip-
tome. The protistan origin of all of the xylanases suggests a crucial
role for protists in xylan degradation.5. Conclusion
In conclusion, 454 pyrosequencing served as an effective tool in
characterizing the metatranscriptome of the protistan community.
The dataset obtained in this study established an important genomic
resource for studying protistan community function as well as
exploiting novel enzymes for industrial use. For the ﬁrst time, biolog-
ical functions were described through an analysis of C. formosanus
protist community transcripts with special emphasis on the lignocel-
lulolytic system. The hindgut symbiota is a rich gene resource, as
indicated by the presence of numerous glycosyl hydrolases and
associated proteins. The identiﬁcation of a lignocellulolytic system
composed of tripartite origin (protists, bacteria, and termites) com-
plemented previous ﬁndings. The results have signiﬁcant importance
for the study of symbiosis and coevolution between termite host and
gut microbiota.
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online at doi:10.1016/j.ygeno.2012.01.009.Acknowledgments
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